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Turning Points in Containment
of Lawrence Livermore National Laboratory
Underground Nuclear Tests

Sometime in 1987 Billy Hudson, a long-time LLNL Containment Scientist and the Task
Leader for Containment Diagnostics, put together a presentation entitled “Turning Points
in Containment”. This presentation identifies challenges, lessons learned, and changes
made in containment practice over a 20-year period, from 1967-1987. Besides providing
a significant historical summary, the presentation is valuable as we maintain a position of
readiness 14 years after the last underground nuclear detonation. It is particularly
valuable to personnel who are new to the program and have no first-hand experience in
implementing underground nuclear test containment for actual tests. We now view this
material as a unique containment summary with timeless importance. We envision this
report to be particularly useful to new Containment Program members and anyone
interested in the history of underground nuclear test containment practices.

We believe that the Barnwell test, detonated in 1989, would have been added to this
summary if Billy Hudson had the opportunity to update the presentation. We have chosen
to add a few slides to the end of the original presentation to describe the issues and
lessons learned from Barnwell.

John Rambo, Containment Program Archivist
Gayle Pawloski, Deputy Containment Program Leader
Norman Burkhard, Containment Program Leader
20-November-2006



Turning Points In Containment
(20 Years in Perspective)
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Successful containment is defined as:

"Containment such that a test results in no radioactivity
detectable off site-as measured by normal monitoring
equipment and no unanticipated release of radioactivity

on site."



LTBT: Limited Test Ban Treaty

This treaty was signed by the U.S., the U.K., and the U.S.S.R.
on August 5, 1963, and took effect on October 10, 1963, by
which time 102 other nations had signed it.

This treaty proh‘ibits any test"...if such explosion causes
radioactive debris to be present outside the territorial
limits of the state under whose jurisdiction
or control such explosion is conducted.”

This treaty bans:
« Tests in the atmosphere
« Tests in outer space

« Tests under water
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The NASH event involved a release due
to non-condensible gas

NASH was the highest yield event with a release
detected off-site

Surface subsidence occurred at 23 min., 57 sec.

The release began at +9.2 hrs., lasted 41 hrs.,
and was detected off-site

Nash was detonated in Dolomite, a mineral
containing 45.8% CO, by weight
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HUPMOBILE involved a release resulting in
significant operational problems

- The "sled" that housed exposure experiments at the surface
burned, essentially destroying the contents

« The released:radioactivity (1.2 x 10° Ci) fogged film in
the diagnostic trailers

« Harry Reynolds and Jim Carothers decided to form
a Containment Program

AH-128.U-5442-17
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The newly formed Containment Program comprised: C

A group in L-Division under Bill McMaster.

A group .in NTED under Palmer House.

A group in K-Division under Larry Ramspott.

The Program Leader was Larry Germain.

The primary goals were to prevent such
data losses as occurred on HUPMOBILE
and satisfy the LTBT.

AH-128-U-5442.16
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JORUM and similar high yield events posed what
has become a typical containment problem

« Too much money was being spent on containment; in this case,
depth of burial (DOB)

« A scaled depth of burial (SDOB) of 350 ft/kt"® (107 m/kt'?)
was believed to be overly conservative

« Jack Kahn attempted to persuade the Test Evaluation
Panel (TEP) that a much lower SDOB would be adequate based
on the "gas acceleration model”

 He was unsuccessful

13
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SCUTTLE was the last LLNL event
without downhole cable gas blocks

ANH-128-U-5442-12

By the time of SCUTTLE, Bill McMaster had decided

to work on the more interesting containment problems
(LOS pipe closure) and asked me to be responsible
for specific event-related containment

SCUTTLE involved a small early release of radioactivity
(210 Ci beginning at H + 5 minutes)

Harry Reynolds called me that afternoon and asked
why a release had occurred

| reminded him of a memo | had sent him several weeks
earlier suggesting that downhole cable gas blocks
were essential

16
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POD was the first event to contain a
coal-tar epoxy stemming platform

« It had been observed that some events involved
stemming loss after detonation

« Complete or partial stemming loss was believed to
be a significant threat'to containment

- It was also recognized that most event cavities
could hold all of the stemming

18
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The TUN event posed a serious threat
to the stemming column

- A pressure of ~ 15 psia was observed in the stemming
column at approximately half a DOB

« Radioactivity was detected in the ground zero (GZ)
area at H + 1 minute

20
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AVENS illustrated a new geologic problem

* A new emplacement hole 560 ft from
an AVENS site contained radioactivity.

- A study by John Rambo suggests that
permeable fractures were formed
between layers having different
density and velocity.

24
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On December 18th 1970, the BANEBERRY
event occurred

- A dynamic release of steam and radioactive debris
began at about 3-1/2 min

« The re'leaée continued for 2 hr, venting an
estimated total of 6.7 x 108 Ci into the atmosphere

 The radioactive cloud was tracked as far as the
Canadian border

27
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BANEBERRY

The BANEBERRY event of 12/18/70 resulted in a major release
of radioactive material and had wide repercussions.

BANEBERRY was apparently caused by an unusual and not
understood geologic setting. A comprehensive investigation
was conducted; additional studies went on several years.

The CEP was formed and charged with conducting a
thorough, formal review of each proposed test.

A marked increase in containment efforts resulted, especially
in geology and material properties. A full evaluation is now
conducted before each test.

Containment concerns no longer take a backseat to

operational and scheduling pressures, and more
attention is paid to engineered features.

28



BANEBERRY had a significant impact on testing

« No tests were conducted for six months

. The Test Evaluation Panel (TEP) was replaced by
the Containment Evaluation Panel (CEP) with
Jim Carothers as the chairman

- The objective of the CEP was to ensure
"satisfactory containment"

AH-128-U-5442-9 29
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Key questions are:
- Why did BANEBERRY vent?

 Why do other events contain ?

Events are thought to contain

because....

31



The "Containment Cage" cornicept, residual stress higher
than cavity pressure, depends on rebound of the cavity.

Growth Rebound

Cavity Size

Time

32



A hoop stress forms around the cavity sealing
potential cracks...

Shear
fractures

...and containing radioactive gases within
the cavity |

BANEBERRY?

33

R axis

apmijdwe ssang



' A BANEBERRY calculation
indicates an inadequate residual stress
resulting from weak material

near the cavity (saturated clay).

34
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HAREBELL, The first event after BANEBERRY
contained new features

Ground shock closure sections

A gas tight pinhole assembly

A CTE plug at the bottom of the surface casing
An additional CTE plug
Additional SDOB

36
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PBP-128-U-5442-

ARSENATE was the last x-ray pinex event
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RIVOLI involved the first release of
radioactivity after BANEBERRY

AH-128-U-5442-8

Very low level radioactivity was detected near GZ

Significant levels of radioactivity were detected immediately
below the upper.CTE plug

Drill-back explorations indicated sub-surface subsidence
with a standing void beneath the upper CTE plug

Increased care was taken to block radiation deep in the hole

A careful review of containment related diagnostics data
and a special presentation to the CEP allowed testing to continue
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AZUL: Afines layer with cable fan-out and
gasblocks was not a block to gas flow

« Gas at low pressure passed a 12 m fines layer
in a few seconds

« Subsequent fan-outs were improved with
wider cable spacings
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RIOLA involved a release of radioactivity
which was detected off-site

« Drill back exploration and bore hole photography
suggests a CTE stemming platform failed

« Tests were carried out to determine whether in place CTE
was consistent with samples taken at the surface, with
negative results

« An effort was instigated to find a replacement for CTE

Investigation costs were high.
There were no containment diagnostics.
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We adopted an even more aggressive
diagnostics philosophy

- Quality assessment diagnostics should be fielded
on all events.

- Performance diagnostics should be fielded on all events

- Phenomenology measurements should be fielded
when appropriate
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A deep plug was used for the first time on CABOC

Before CABOC, radioactivity was observed well up in the
stemming column in less than one minute 90% of the time

On CABOC ‘ |
- Radioactivity was not observed above the deep plug

- Subsequent experience shows deep plugs to be effective
about 80% of the time

« All LLNL events currently have deep plugs
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MANTECA was the first event to include
Two Part Epoxy (TPE) plugs

 Field tests showed these plugs to be of high strength
 Field tests also showed they were not as good gas blocks

« All LLNL events from MANTECA (1982) till AGRINI (1984)
had TPE plugs
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ARMADA: A fines layer with cable fan-out and
gasblocks was not a block to gas flow C

« Gas at low pressure passed a 12 m fines layer
in a few seconds

- Subsequent fan-outs were improved with
wider cable spacings
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AGRINI was the first event since BANEBERRY
to have a post-collapse release

- Release was believed to be due to a combination of
noncondensible gas and a very deep crater

« Testing was allowed to continue without a
significant delay
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AGRINI was a low yield event detonated on
March 31, 1984 at a depth of 320 m
in area 2 alluvium

DOB and SDOB were conservative by historical standards

Nearby experience was good

Stemming was carefully designed

Geologic structure appeared favorable

Medium properties appeared satisfactory

Confidence in containment was high ....
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AGRINI was the first event to use gypsum concrete
plugs and liquid CTE gas impedance plugs

Stemming platforms were of gypsum/coarse aggregate

Gas impedanée plugs were of liquid CT filled coarse

The deep plug was of gypsum/coarse aggregate

Diagnostic data indicate all performed as expected
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AGRINI behavior was not anticipated

A very deep (67 m), narrow (12 m diameter
at the surface), bottle-shaped crater was
formed at about 13/4 hours after detonation

About eight hours later, unexpected
radioactivity was detected on the surface

During the following 26 hours, about 1700 Ci
(predominately isotopes of Xe) were
determined to have been released

All activity appeared to come from the crater
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Conclusions

- The emplacement hole was not part of the release path

« The deep bottle-shaped crater was due to strong
hear-surface material

- The near-surface driving pressure in the chimney
was largely due to C02

« A minor reduction of CO2 could have changed the transport
mechanism from pressurized flow to diffusion coupled with
atmospheric pumping, greatly delaying and reducing the
release

« A major reduction in CO2 would have essentially prevented
the release
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KAPPELI and TIERRA were Pahute Mesa events
where very low level radioactivity could be
monitored for long periods of time

. Both events were observed to "leak”
days after detonation

« Arecent stUdy by Erv Woodward suggests
late-time leakage on the MESA is related

to near surface geology
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ROQUEFORT data indicate that

AH-128.U-5442.19

Gypsum/aggregate plugs are not reliable as gas blocks

Liquid cbal-tar/éggregate plugs cannot be reliably made
to stay in place

ROQUEFORT had the highest pressure levels observed
in the stemming column since BANBERRY

Subsequent events have had "sanded" gypsum plugs,
mixed at the surface and pumped to depth
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ROQUEFORT T

The deep gypsum plug offered very little impedance to the early flow of gas.
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ROQUEFORT I

The deep gypsum plug offered very little impedance to the early flow of gas.
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PERFORMANCE:  SALUT

e e, o

/

0 THE STEMMING PLATFORM PERFORMED AS
STRUCTURAL MEMBER

0 THE STEMMING PLATFORM MAY HAVE BEEN
PERMEABLE TO LOW PRESSURE AIR FLOW
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MIGHTY OAK had an experiment protection problem =

Containment was satisfactory

LOS closure was unsuccessful

Exposure chamber experiments were lost

Most tunnel recording facilities were lost
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1000 psi, 1000 F

Figure D-5. Tunnel and Pipe Seal Taps

81

a314ISSYIINA




The MIGHTY OAK investigation is incomplete;
however, MIGHTY OAK findings are consistent
with several possible threats C

Unfavorable near-cavity geology

Fail'ure of the LOS pipe system

Failure of the tunnel stemming

Combinations of the above
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The first successful measurements of a complete
cavity pressure history were made on CORNUCOPIA

- Three independent measurement systems gave almost
identical pressure histories extending from about 30 s
until collapse at about 9 hr

« Similar data were obtained from two other events
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CORNUCOPIA

Cavity pressure was measured until collapse at about nine hours
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CORNUCOPIA | C

- Calculational analysis suggests a model:

« Hydro fracture allows the pressure to drop to about
30 bars within 100 seconds (Stage I)

« Wall ablation brings mass into the cavity for about
one hour (Stage ) causing the temperature to drop
to near the melting point of rock (~1400K) with little
change in pressure

« Heat conduction into the cavity wall cools the

remaining gas with a commensurate pressure
decay until collapse (Phase lll)
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CORNUCOPIA

A log-log plot of pressure suggests three stages of decay
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CORNUCOPIA C

If this model has credibility-----

Why wasn't residual hoop stress effective in
controlling hydrofracture?

Would hydrofracture limitation have been beneficial ?

Should the potential for the storage of hydrofracture
effluent be an important consideration on future events?

Should hydrofracture crack length be an important
siting criterion?
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CORNUCOPIA
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The major containment problem areas
were recoghized as:

« Near cavity geolo.gy

« Overburden geology

« Stemming

- Cables and cable bundle

« LOS pipes

It was generally believed (I should say hoped) that

relevant problems could be solved within two years
and we could get on with more interesting work
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Perceived solutions

Near-cavity geology:

- Avoid high CO, content
. Avoid extremely strong or weak materials

« Choose "nominal” medium properties
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Perceived solutions (continued)

Overburden geology:

« Avoid major faults and pre-existing fractures
« Avoid media likely to fracture to the surface
- Choose a conservative DOB, SDOB

- Use a surface casing as deep as practicable
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Perceived solutions (continued)

Stemming and cables:

« Use low permeability stemming
« Use stemming platforms

- Use downhole cable gas blocks
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Perceived solutions (continued)

Line-of-sight (LOS) pipes:

« Use device-driven "prompt" closures
« Use "mufflers” for choking flow

« Use high-explosive-driven closures
to stop flow

« Use assorted, redundant, mechanical
closures to stop leakage
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We also adopted a more aggressive
diagnostics philosophy

- A feature worth emplacing is worth diagnosing

Emplacement and quality assessment: was
the "as-built" consistent with the "design™?

Performance: did the feature perform as expected ?

« Phenomenology: was actual behavior consistent with
model or calculational predictions ? '

96

PBP-128-U.5442-28



Where do we go from here ?

Diagnostics related activities will include:

» Cable bundle block developement

Plug fracture experiments

Cavity gas pressure and temperature measurements

Stress history measurements

Early gas transport modeling -- hydrofracture

Late-time gas transport modeling - Darcian flow

More, better, and faster at lower cost
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We feel that the Barnwell test, conducted in 1989, would
have made Hudson’s list of turning points in Containment.

Phenomenology: was the actual behavior consistent with model
or calculational predictions?

* Pre-test calculations indicated possible residual stress
less than cavity pressure

« Because of this a larger than usual set of diagnostics
was fielded

March 2006
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Radiation was detected below the stemming platform
for Barnwell.

» Barnwell exhibited a 2-stage collapse (~4 min and ~2 hr)
* 50,000 R/hr was observed ~430 m depth in 4.2 min

« 600 R/hr was observed at ~200 m depth in 3 hr

» Post-test calculations show loss of residual stress above
the cavity in the direction of radiation flow

* Radioactivity is rarely encountered uphole for tests >100 kt

March 2006

100



283°

353°

g2’

CABLE FANDUT LOCATIONS

12,80

| i183°

_1417°

| 1488.5°

CABLE FAMOUT LOCATIONS

_1703,5°
| [Ti703.0%)
1772°

{AS BUILT)

DOWNROLE WT.
882.7% (7689.0CK)
STEMMED WT.
1298. 1K (1211.0K)

SURFACE Q“swvll

(337°)
(348°)

(=8s*)

(1417°)
(1481°)

{1708°)

{1880°)

(1985°)

298°
338°
348°

589"
€09’
glg’

s!
g7E"
gss’

1130°
§180°
1160°

1420°
14407
i420°

1708°
1789°
1769°
18ge’
1886°

1995°

2280°

02" Olil 2 0 Ol L8283z,
OOg o 90\ -
BACKFILL MATERIAL
Q\\\\\ \\*\>\\ MEL 81-001577-08
¢ o o
o _© I¢) 00
o o ILLNL COARSE FILL
°yo |l Qog}ﬁw\mﬁm_ N
" o %o MEL 78-001400-00
- QO = Ca (TYP 6 PLCS)
\\\\\& \\.\_\.\,\\——a@uceuam’ PIFE
el _ 10 3/4°x71.1 LB/FT TO BE
2o 0o 2 5% o| FILLED FROM THE TCP CF
d IO o FLANGE TO THE BULL
oo (O | BLU6 witH s6/50 POZ MIX
°0g 0 MEL 57-001773-0A
Oo Oulll o O ~SANDED GYP_CONC FLUB
SNNNNNY R\"i_\}\,\\ 1T¥e 6 PLCS)
© e o TP S| AR s
o Oo o 1O e Of Fe'eries
© 5 O ©_ 0 o
Q o) 5 \Jo
3 ~2 A3 59
o W C O oJ\"}
Q\\\\\\ A

VA A AR PRI R AR

o o
o() g o0
0 oclf“‘ oo

3\ ‘3 . ? O %
. \\.\.?%}\
9.0 ~0lllo o ©
? © it fﬁoo ocb
O o O 0 Q
\T\\\W §\,\>,\,,\,,

o

0 0,1l 0;0°0
<:> l¢) <:> %o <j> o
N
W/ /. 7. 75 ///

SASA SAM\epAp B
DabadbdAapapra

—-MA GMNETITE
MEL. 76-001300-0B

~——BCRON RICH MATERIAL

MEL 86-0017861-00

~—=BACKF JLL

880 A BAGDNA AR A 8

101

) & NARVER=AREA 2
12/C8/89 WDECTOT28




= ~ o
l $)
FE il 7& AS-BUILT CONFIGURATION @ S I
= L U20az e o S
g g g @ = b 1870.0" e rFeET haTeRs) e 2 = z g y
= | = = 8929 " ey 7] & << N %
THEEA s 4 ER
1L~ S— o ghaa sl ©
S : % =]
o | 2 2 3 c T 0.0.03.0 (0.01) 63UV, AV %g L 8 ﬁ X
2 [QE| m=ge |<Z| sorrom o nen —— = E] 3.0 (0.81) ————— §2UV. AV SIS = g o
O |25|& .nE §E 39.5 (12.04) Y %) ; (€2) 3
A 10 <_§< 3% 3.0 10.81) ———— G 1Uv. AV z Zle O
_ Ino|585E = 0 = O>=5l 1 >
S1218°180 7% & 298.0 (80.22) [ =T o w g
Al E%SE 3= \\ 0.0 13.08) sess 'g‘zgo- — oo <8 8
é,§§§e<.§: \ Wgillo & o 7o)
a7 <SS &= % \ y L———236.0 (71.93) — 8oLV % g EN O
>E §a§§§ 3 337.0 (102.71) (== 131PX, RA. ACS %) "g |
a; S :3 < cnienm A\ 351.0 (110.03) ——3ePX.RA 4
g;l‘.‘i?ﬂ: ,.°_
< $ oot S S
gg gsggfg § gresy ——[———508.3 (154.02) —— 5LV ; ? ; - ;
L<|SHoREs S |> 68.0 (173.12) — —~ - -
o g tg“ & \ \ Lsse.o (162.86) — 36PX.RA % E Ej
ElS V8 8 § § § g 3
. ~\} \ N alel 1 &
) ..‘/ i 610.0 (183.82) N g 3
3 Vi — 634.0 (193.24) — STPX.RA z @ g z 3
= %— 704.5 (242.15) — BALY HE i : &
£ 2]
2 '§ Q -0 0:e0) \ _L— 840.0 (236.03) — 38PX.RA _LEGEND
< o
L g 874.0 1263.38) — >'
g greswes 800.0 (274.32) — 35PX.RA M (UX) MULTI-PLEX CANISTER
::: o?‘rs ::: mmm —_— 1070.0 (326.14) — B3LY E [EX/CX) EXCOR/CORRTEX
86C [P, 1| 311.7 1150.0 (344.42)

r‘

N ] \\ N\ 1113.0 (339.85) — 34PX.RA B ex.na st cwusten
88A P, TS| 381.7 1151.0 (330.81) \

STEMMING HOPPER

(™H
83E| c» 589.2 1175.0 (358.14) — 3IPX.RA a

83D [CP, TS| 574.2 E

1362.8 (415.30) szLv (SG) STRAIN GAGE
85C |CP, T8 384.0

3ACT, ACR
858 |0P. TS| 594.0 1417.0 (431.80) —— — v AcToAce & @ A
85A [P TS| 604.0 N N L ACT. NTENNA
1440.00 (438.91) \ 1405.0 (428.24) — 32PX.RA XJ PIN
84D [cp. TS| 835.0 s b — 3
84cC[cP. T3] 830.0 CONRETE bLUG | — 1460.8 (445.23) — 31PX.RA == PINHOLE
842 |cP. 75| _895.0
84A |CP. TS| __870.0
i)
83D |CP. TS{ 1130.0 GYPSLAA L T — 1853.4 (303.93) —8ILV, CX/EX
B3C [cp. T3] 1135.0 sopBlEL. S o A
558 .78 114050 1708.0 (520.57) \
83A |CP.TS] 1143.0 \
\
82D |ce, T3] 1420.0 N| |
82C |cp. T3] 1425.0 [N
828 |CP, T38| 1430.0 N N \
B2A [CP, TS| 1435.0 N \ 1838.3 (365.83) 8836
A

B1E | CP | 1708.0
9iDHCP. T8} Tri4:e a0 > [T ACT ACCELERATION (TANGENTIAL)
810 |cP. TS| 1720.0 - F—1263.41 (598.42)—— 96 AM ACR ACCELERATION TRABIAL)
918 [cp. TS| 1744.0 /J SONG F—1963.41 (398.42)—— 0T AM ADV ACOR ERATION (VERFIBALT
8IACP.TS 1734.0 TOR/OF [DIAG. . CAN —1983.28 (598.38)—— 98CX SG  STRAIN GAGE

At —1963.20 (S98.35)— 95CX ACC  ACCELERATION

—1963.29 (598.38)—— B2CX/EX LY ”°“'ch5‘"1
—1083.20 (308.35)—— 9 1CX/EX < e (;T':::Y Lol
1663.32 (%08,39)— BICX/EX TURE
1086.0 (599.82) RD SEMICONDUCTOR

PRESSURE
RADIATION
EXCOR

TH

TS

PX

RA

&X

cX CORRTEX

AM

i ]

ANTENNA

R LD RA

¥i1/2. ECGBS-103976-0C%

102



Depth ™M

200

400

600

U20az

117 m
D>

442 m
~mn >

~~ >

18.3m

290 s

~ e~

>
240s

N>
200 s

S

Nﬂo.

AN

NN

DN

min

lIl'j1rl“ll]lll"llll"llll'llll‘]11""lll

IIIIIIUTYIIIIIIII llllfl‘_l

= ¥ IIIIIII T T]llllll

L

-
-

® strong arrival

O weakarrival

L L lllllLl i ] IlllLlI

1

Vot oo b b oo oo bbb Lo e b -

wENEEEEE

| G L N

103 104

Time, s

103

10°



Brimwed

“Breathing"

Elevated levels of radioactivity were obhserved on
December 18, about 400 feet north of U20az
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e

"Breathing”

Each release episode occurred during a period of low

atmospheric pressure
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